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Abstract
Optoelectronic measurements of carbon nanotube transistors have shown a wide variety of sen-
sitivites to the incident light. Direct photocurrent processes compete with a number of extrinsic
mechanisms. Here we show that visible light absorption in the silicon substrate generates a photo-
voltage that can electrically gate the nanotube device. The photocurrent induced by the changing
gate voltage can be significantly larger than that due to direct electron-hole pair generation in the
nanotube. The dominance of photogating in these devices is confirmed by the power and position
dependence of the resulting photocurrent. The power dependence is strongly non-linear and pho-
tocurrents are measured through the device even when the laser illuminates up to 1 mm from the
nanotube.
PACS numbers: 73.63.Fg,78.67.Ch
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I. INTRODUCTION
Since their discovery, carbon nanotubes have shown great promise for a wide variety of ap-
plications including nanoelectromechanical systems1,2 and chemical and biological sensing.3,4
The observation of photoconductivity in carbon nanotubes has opened a number of avenues
of research in both characterization and photonic applications of nanotubes.5,6,7 Photocur-
rents have been used to characterize the electronic structure of nanotubes, such as the
energies of van Hove singularities,7,8,9 as well as to image the Schottky barriers between a
semiconducting nanotube and the metal contacts,10 and to build novel photodetectors using
suspended nanotubes.11 Recently, theory and experiments have shown that direct photogen-
eration of carriers is unable to explain the full photophysics of carbon nanotubes, and that
excitonic12,13,14 and environmental (both substrate and gaseous)15 interactions must also be
considered. An interesting feature of illuminating nanotube devices on a silicon/silicon diox-
ide substrate is that the silicon can also absorb light, leading to a voltage at the Si/SiO2 in-
terface. Such photo-voltages can, in many cases, be the dominant component of the induced
photocurrent in nanotube devices. Understanding the interaction between the incident light,
the back-gate, and the nanotube (photo)transistor is important both for potential applica-
tions of such devices, and to enable fundamental understanding of the direct nanotube-light
interaction in nanotube transistors.
We show that photo-voltages in the silicon gate of carbon nanotube transistors have a sig-
nificant impact on the measured photocurrent. The measured photocurrent is independent
of laser polarization, indicating that direct electron-hole pair generation in the nanotube
is negligible. We show that modulating the incident light effectively adds a small ac gate
voltage, revealing the derivative of the source-drain current Ids in the photocurrent. Com-
paring the numerical derivative of the Ids vs. gate voltage curve taken without the light to
the measured photocurrent as a function of gate voltage, we are able to extract the induced
photovoltage which is typically on the order of −10 to −100 mV. Consistent with the photo-
gating effect, the power and position dependence of the measured photocurrent is extremely
non-linear. Indeed, photocurrents persist even when the laser illuminates up to 1 mm away
from the nanotube position. The experiments are consistent with a theoretical analysis of
the photo-gating mechanism. These measurements suggest that photo-voltages produced in
transistor gates may provide the basis for unusual types of photo-detectors: devices in which
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FIG. 1: Source-drain (ISD) as a function of back gate voltage. The conduction through the
nanotube increases at large values of both negative and positive gate voltages. Inset: AFM image
of a ∼ 5 µm long single wall carbon nanotube transistor device.
the light absorbed by the gate produces a modulation in a transistor response, as opposed
to the direct collection of photo-generated carriers in more conventional photo-detectors.
II. EXPERIMENTAL
The carbon nanotubes in the devices studied here are grown by chemical vapor deposition
(CVD). Islands of nanotube catalyst are defined using electron-beam lithography,16 and
the nanotubes are grown at 900 oC using a feedstock of methane (400 sccm) with a co-
flow of hydrogen (20 sccm).17,18,19,20 The ends of the nanotube are buried under Ti/Au
using electron-beam lithography in order to define the source-drain contacts. The nanotube
channel and source-drain leads rest on top of a 500 nm thick SiO2 layer that acts as a gate
dielectric where the back gate is a heavily doped (nominally ∼ 1018 cm−3) p-Si substrate.
Nanotube transistors have been fabricated with both short (∼ 5 µm) and long (∼ 500 µm)
channels. Fig. 1 is a plot of the source-drain current (ISD) in a short channel device
as a function of gate voltage under a fixed source-drain voltage (VSD = 250 mV). The
conductance of the nanotube shown is dependent on the gate voltage, and it shows increased
conductance at both positive and negative gate voltages. The gate dependence could indicate
the presence of a semiconducting nanotube or may indicate effects of two nanotubes in
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FIG. 2: Photocurrent measured through the nanotube channel as a function of gate voltage. The
photocurrent switches sign near Vg = 0. Inset: Schematic of the energy bands with initial band
bending at the Si/SiO2 interface.
parallel, small metallic gap openings,21 or resonant electron scattering.22,23 Regardless of the
origin of the gate dependence, all nanotubes that have a gate dependence can respond to
photovoltages induced in the gate.
Nanotube devices are illuminated with a Po = 4 mW HeNe laser that has a photon
energy (Eγ = 1.96 eV) which is larger than both the band gap of our nanotubes
24 as well
as the band gap of the Si gate (EG,Si = 1.12 eV). For short channel devices the laser always
illuminates the entire nanotube device, including the bulk of the nanotube and the metal-
nanotube interface. The laser is modulated using an optical chopper and all photocurrents
are measured with a lock-in amplifier referenced to the chopping frequency. When the
signal is modulated with a chopper, the photo-voltage is a step function at the on or off
transition, producing a capacitive spike in the current. Once the photo-voltage has reached
a steady state and is not changing with respect to time, the capacitive current is zero. Slow
modulation frequencies (10-100 Hz) are used in order to minimize the effects of capacitive
coupling between the source-drain contacts and the gate during the turn on and turn off
transitions.7
Photocurrents may arise from several sources. These include direct processes, such
as electron-hole pairs generated in the nanotube, or indirect processes such as photo-
desorption25,26 or photo-gating. The photocurrent for a nanotube transistor as a function of
gate voltage is shown in Fig. 2 and, intriguingly, changes sign as a function of gate voltage.
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Also, the photocurrent shows no dependence on the polarization of the laser with respect to
the nanotube axis.7,10 The change in sign of the photocurrent in Fig. 2 and the absence of
polarization dependence indicates that direct processes are not the source of the observed
photocurrent. Direct photocurrent in a biased nanotube would have the same sign for all
applied gate voltages because the electric field provided by the bias voltage would sweep all
the photo-generated carriers in the same direction, independent of the gate voltage. Photo-
desorption of oxygen from the metal-nanotube contacts also cannot account for the observed
photocurrent. The removal of oxygen from the nanotube and/or contacts, thereby affecting
the metal-nanotube Schottky barrier, would lead to decreased p-channel conductivity (neg-
ative gate voltages), and increased n-channel conductivity (positive gate voltages).26 The
data in Fig. 2 show an increase in p-channel conductivity, and a decrease in the n-channel
conductivity, the opposite of what is expected for a photo-desorption process. Photo-gating,
as we show below, can explain both the increased p-, and decreased n-channel conductivity
as well as the observed sign change.
III. PHOTO-GATING MECHANISM
Photo-gating occurs when photo-excited charge in the silicon gate causes a change in
potential (δVPV ) at the Si/SiO2 interface. In order for photo-gating to occur, there needs to
be a slope in the Si energy bands at the Si/SiO2 interface. Bending in the Si energy bands
provides an electric field that separates the electron-hole pairs produced by the laser and
a potential well to trap either electrons or holes.27,28 Band bending is often present due to
charge in the oxide (mobile ions, fixed charge, and interface states) which induces a depletion
region near the Si/SiO2 interface. In addition to the presence of band bending, to produce
a significant photovoltage the potential well must be deep enough to act as a trap at the
measurement temperature (∼ 25 meV).
In order to determine if there is band bending at the Si/SiO2 interface, capacitance-
voltage (CV) characteristics of a metal-oxide-semiconductor capacitor (MOSC) are
measured.29,30 The MOSC is fabricated on an oxidized Si wafer from the same batch as
the nanotube samples studied. Fits to the experimental CV data (not shown) indicate that
the bulk doping concentration is Na ≈ 1.2 × 1018 cm−3, and that there is an offset voltage
∆Vo = −28 V. The non-zero offset voltage indicates the presence of initial band bending
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due to oxide charge. If the offset voltage were zero there would be no curvature in the Si en-
ergy bands and therefore no photo-gating effect. The oxide charge density can be estimated
using Nox ≈ −Cox∆Vo/e ≈ 1.2 × 1012 cm−2 where Cox is the capacitance per area of the
oxide, and e is the magnitude of the electron charge. The positive oxide charge induces an
equal negative charge in the silicon substrate (Qs = −Nox ≈ −1.2 × 1012 cm−2), such that
the energy bands in the silicon are bent downwards, establishing a trap for photo-excited
electrons.
In order to produce a photovoltage, the magnitude of the potential created as a result
of oxide charge must be significant enough to provide an electric field that can redistribute
the electron-hole pairs generated by the laser. The charge in the silicon is a function of the
surface potential (band bending, see Fig. 3a) φs and is given by the expression
27
Qs = −
√
2kBTεSiniF (Us, Ub,∆n) (1)
where
F (Us, Ub,∆n) = [e
Ub(e−Us + Us − 1)
+e−Ub(eUs − Us − 1)
+ΛeUb(eUs + e−Us − 2]1/2 (2)
is the normalized interfacial electric field, assuming that the depletion width is smaller
than the diffusion length, and that recombination currents can be ignored. In the previous
equations kB is Boltzmann’s constant, T is temperature, εSi is the dielectric constant of Si,
ni is the intrinsic number of carriers, Us and Ub are the normalized surface and bulk potential
Us = qφs/kBT , Ub = ln(Na/ni) and Λ is the ratio of photo-excited carriers to the equilibrium
number of majority carriers Λ = ∆p/po = ∆n/po, also referred to as the injection ratio. Due
to the complexity of Eq. 2, the magnitude of the potential is most easily found graphically
or numerically. First, in the absence of light, F (Us, Ub,∆n) becomes a function only of the
surface potential φs. Using the value of Qs determined above, F (Us, Ub,∆n = 0) ≡ Fo is
computed using Eq. 1. The value of Fo is shown as the dotted line in the inset of Fig. 4.
Next, using Eq. 2, F is plotted as a function of φs and the intersection of the curve with the
dotted line sets the initial amount of potential φso due to the oxide charge. For the MOSC,
the potential φso, shown schematically in Fig. 3a, is measured to be ∼ 120 mV which is
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FIG. 3: Schematic band diagrams showing band bending φs in the silicon substrate for the as
fabricated device (a) and under laser illumination (b). For typical oxide charge densities, the
initial band bending φso is ∼ 100 − 200 mV. Under illumination, the positive oxide charge is
partially screened by photogenerated electrons that become trapped at the interface, reducing the
surface potential from φso → φsΛ. The resulting photovoltage δVPV is given by Eq. 3.
larger than the thermal carrier energies, enabling photo-generated electrons to be trapped
at the Si/SiO2 interface.
Photo-excited electrons and holes in the silicon are separated by the interfacial electric
field. This charge redistribution changes the potential in the silicon from φso to a different
value φsΛ (Fig. 3b). The difference between the two potentials is the measured photo-voltage,
δVPV = φsΛ − φso. (3)
So long as the laser does not affect the amount of oxide charge, the total charge in the
silicon remains constant and, according to Eq. 1, the value of F must stay fixed at Fo.
When illumination causes Λ to become nonzero, Us, and therefore φs, must change to keep
F = Fo. The inset of Fig. 4 shows several different F vs. φs curves as the injection ratio
Λ is varied. The potential under illumination φsΛ is the intersection point between the
curve for a given Λ and the initial interfacial field Fo. For low values of the injection ratio,
there are few photo-generated carriers to fill the potential well at the Si/SiO2 interface, and
φsΛ ≈ φso. As the injection ratio is increased, there are more carriers to fill the well, and
the bands become less curved, reaching flat-band conditions for high values of Λ. Thus, as
the injection ratio increases, the measured photovoltage will change from 0 to −φso. The
magnitude of the resulting photo-voltage is plotted as a function of photo-carrier density
in Fig. 4, using a bulk silicon doping density of Na ∼ 1.2 × 1018 cm−3 (∆n = ΛNa) and
the measured initial surface potential φso ∼ 120 mV. Once the bands are flat (φsΛ = 0),
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FIG. 4: Calculated magnitude of photovoltage as a function of the number of photo-excited carriers,
assuming a bulk doping density of Na ≈ 1.2 × 1018 cm−3 and an initial surface potential of
φso ∼ 120 mV. The solid line includes only the effect of the initial band bending. The dotted line
includes the effect of the Dember voltage (see appendix). Inset: Calculated normalized electric
field at the Si/SiO2 interface as a function of the surface potential and injection ratio. The dotted
line indicates the value of the field Fo as determined from the initial charge in the silicon Qs.
there is no electric field to separate the electrons and holes and the measured photovoltage
saturates. This is illustrated in Fig. 4 where the photovoltage asymptotically approaches
φso when Λ becomes large, and in the inset where the interface potential tends to 0. It is
important to note that since different processing conditions can lead to changes in the initial
surface potential, photovoltages measured on different samples can have higher or lower
values than the maximum presented in Fig. 4.29 Also, for sufficiently high injection ratios
(∆n & po), other processes, such as the Dember voltage
28 presented in the appendix, can
become important and could dominate over the photovoltage due to initial band curvature
as shown by the dashed curve in Fig. 4. As we show next, we remain in the low-injection
limit where these additional effects can be ignored.
In the limit of low-injection conditions, ∆n < po, we can estimate the number of excited
carriers as27
∆n ≈ IαLn
(1 + αLn)(s1 +Dn/Ln)
. 1017 cm−3, (4)
where α ≈ 3000 cm−1 is the absorption coefficient30 of Si at λ = 633 nm, Dn = 7 cm2/s
is the minority carrier diffusion coefficient, Ln = 45 µm is the diffusion length, I is the
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photon intensity, and s1 is the surface recombination velocity at the Si/SiO2 interface. The
diffusion coefficient (Dn = kBT/qµn) and diffusion length (Ln =
√
Dnτn) are calculated using
the minority carrier recombination lifetime,31 τn = 3x10
−6 s, and the minority carrier drift
mobility,30 µn ∼ 270 cm2/Vs. The photon intensity is given by I = ξη(1− R)2Po/eEγpiω2,
where η is the quantum efficiency (assumed to be unity), R = 0.5 is the measured reflectivity
of the Si, and ω ∼ 20µm is the estimated laser spot radius. The factor of ξ = 0.2 is used
to account for the portion of the laser power incident on the underlying silicon that is
not absorbed by the metal leads. The surface recombination velocity depends on a variety
of factors including interface state density, gate voltage, and the number of photo-excited
carriers,32 and is typically on the order of 100 − 1000 cm/s. As an order of magnitude
estimate, we assume that that s1 is negligible, which is valid as long as s1 < Dn/Ln ≈
1500 cm/s. Due to our approximations for s1 and η, and because Eq. 4 does not account
for diffusion of carriers parallel to the Si/SiO2 interface, the calculated value is an over-
estimate of the photo-excited carrier density. This over-estimate confirms that we are in
the low-injection limit (∆n < Na ≈ 1018 cm−3) for our experimental conditions. Using ∆n
and Fig. 4, the photo-voltage is estimated to be δVPV < −40 mV. The actual photo-voltage
measured in the experiment is extracted and is compared to this value later.
IV. DISCUSSION
The photo-voltage produced in the silicon gate couples into the nanotube circuit by pro-
viding an additional gate voltage for the nanotube channel. When the light is modulated, the
effective gate voltage is Vg = VDC+δVPV (t), where δVPV is the time dependant photovoltage
and VDC is an existing gate voltage applied by a battery. Since the current in the channel
is measured with a lock-in amplifier, the measured photocurrent is IPC =
∂ISD
∂Vg
δVPV . Thus,
the data shown in Fig. 2 may be understood as a derivative measurement of Fig. 1, and the
photocurrent reveals the change in the source-drain current due to the addition of a small
negative ac gate voltage to the existing dc gate voltage. From Fig. 1 we see that adding
a small negative gate voltage to an existing negative gate voltage causes the source-drain
current to increase, yielding a positive derivative and positive photocurrent. At positive gate
voltages, the effect of adding a small negative gate voltage causes the source-drain current
to decrease, yielding a negative photocurrent.
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FIG. 5: Numerically calculated derivative from the data in Fig. 1. The form of the derivative
is extremely similar to the measured photocurrent in Fig. 2 where the p-channel conduction is
increased and the n-channel is suppressed.
The magnitude of the photo-gated photocurrent depends on both the nanotube-gate
coupling ∂ISD
∂Vg
and the photo-voltage δVPV at the Si/SiO2 interface. The photo-voltage can be
extracted by dividing the photocurrent signal by the gate derivative ∂ISD
∂Vg
, which is calculated
numerically from the data in Fig. 1 and is shown in Fig. 5. The photo-voltage for this device
is δVPV = −15 mV and is independent of the applied gate voltage. This measured value of
photovoltage is similar to the over-estimate of calculated above, supporting the photogating
mechanism.
The power dependence of the photocurrent is another important parameter for estab-
lishing the role of photo-gating. The generation rate of photo-carriers is linear with laser
power, both in the nanotube and in the silicon. For a direct photocurrent process in the
nanotube IPC is expected to be proportional to the generation rate, whereas for photo-gating
IPC ∝ δVPV which is non-linear in the number of excited carriers. Using neutral density
filters to change the incident laser intensity, the photocurrent as a function of power was
measured on a long channel nanotube device33 and is shown in Fig. 6. Using the nanotube-
gate coupling and the measured photocurrent, the induced photovoltage for this device was
measured to be δVPV = −160 mV. Similar to Fig. 4, the photocurrent changes logarithmi-
cally under low injection before saturating at high laser intensities.
It is interesting to note that the photo-voltage depends only weakly on where the laser
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FIG. 6: Measured photocurrent as a function of the incident laser power on a long channel nanotube
device. The non-linearity of the intensity dependence indicates that the photocurrent does not arise
from a direct process.
illuminates the sample relative to the nanotube. This fact is illustrated in the upper inset
to Fig. 7, which shows the photocurrent as a function of position perpendicular to the long
axis of the nanotube at the position indicated by the arrow in the lower inset. The curve is
slightly asymmetric about the position of the nanotube due to the proximity of the device
to the edge of the silicon chip. The surprising feature of Fig. 7 is that there is an appreciable
photocurrent, reduced only by a factor of ∼ 3, even when the laser spot is centered over
1 mm away from the device. Using a laser spot with an ∼ 60 µm gaussian width, there are
virtually no carriers produced near the nanotube at such a large distance from the nanotube.
Since the laser isn’t producing carriers near the nanotube, the carriers must be mobile in the
Si. Thus the photocurrent that is induced by the photovoltage arises from laser generated
carriers near the nanotube as well as carriers that diffuse towards the nanotube. We can
phenomenologically express the number of carriers under the nanotube as
∆n(x)/∆no = Ae
−2x2/ω2 +Be−|x|/Ln, (5)
where the first term accounts for direct photo-generation of carriers in the silicon under the
nanotube, and the second term is from carriers generated at some distance from the nanotube
diffusing towards the nanotube. Using Fig. 6 to relate the photocurrent to incident power,
and since ∆n is proportional to the laser power, we can relate the measured photocurrent
to the ratio of ∆n(x)/∆no, where ∆no is the number of carriers generated in the silicon
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FIG. 7: Ratio of photo-generated electrons in the silicon substrate as a function of position. The
circles are the experimentally measured values, extracted by relating the raw photocurrent vs.
position in the upper inset to the intensity dependence shown in Fig. 6. The line is a fit to Eq. 5
which includes direct generation of carriers beneath the nanotube as well as diffusion of carriers
when the laser illuminates away from the nanotube. Upper inset: Photocurrent as a function of
position perpendicular to the long axis of nanotube. Photocurrent is measured up to 1 mm away
from the nanotube. Lower inset: SEM image of the ∼ 500 µm nanotube device, where the dotted
line indicates the position of the nanotube. The arrow shows the position and direction of the
scanned laser.
at the photocurrent maxima. The solid line in Fig. 7 is a fit to the experimental data
using equation Eq. 5, with the exponential prefactors A and B, the beam waist ω, and the
diffusion length Ln as free parameters. The experimental data is well fit by Eq. 5 using
ω = 58 µm and Ln = 350 µm. The extracted value of Ln is an effective diffusion length,
as opposed to the bulk diffusion length, and can depend greatly on the detailed geometry
and injection conditions that are present. These results illustrate that photo-gating is a
long-range interaction. Carriers that are generated in the silicon substrate millimeters away
from the nanotube still have a significant effect on the nanotube circuit.
Photo-gated nanotube devices present an interesting alternative to photo-detection on
the nanoscale. Such a device would separate the absorption of photons from the detection
current, such that each can be independently optimized. The gate material (silicon in this
case) would determine the absorption properties of the detector, and could be modified to
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increase the absorption cross-section at the desired wavelengths. The sensitivity of the photo-
gated nanotube detector is determined by the nanotube-gate coupling ∂ISD
∂Vg
, which may be
custom tailored through device engineering of the Schottky barriers,34 and geometry, as well
as mode of operation (sub-threshold vs. on).35 Nanotubes offer many properties that make
them superior channel materials such as high mobilities36 and large saturation velocities,37
but there is no reason to expect that photo-gating of the type studied here should be unique
to carbon nanotube channels.
In conclusion we have demonstrated that light absorption in the substrate of carbon
nanotube field effect transistors generates an extra photo-voltage at the Si/SiO2 interface.
This photovoltage acts as an additional negative gate voltage of order 10-100 mV on the
nanotube transistor and, depending on the magnitude of the nanotube-gate coupling, pro-
duces changes in the source-drain current of up to ∼ 2 nA which is considerably larger
than previously reported photocurrents in carbon nanotubes.7,8 The photo-voltage responds
nonlinearly to the power in the laser beam, increasing only by a factor of 3 over three or-
ders of magnitude in laser power, and is only weakly dependent on where the carriers are
generated with respect to the nanotube. We find that charge generated in the Si substrate
up to 1 mm away from the nanotube still produces a measurable photocurrent. The current
due to photogating can, in many cases, be the dominant component of the photocurrent
measured through nanotube transistors and must be accounted for in order to determine
the intrinsic/direct photocurrent in nanotube devices. Though photogating complicates the
analysis of photocurrent measurements, it also offers a different mode of photodetection
where the absorption and detection elements are separate. This style of detection would
allow for individual optimization of the photoabsorber and the electronic sensitivity of the
transistor channel.
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APPENDIX: DEMBER VOLTAGE
In addition to a potential forming from the redistribution of photo-excited charge, another
voltage that can form in the substrate, the Dember voltage, is particularly relevant for high
injection conditions where ∆n & po. The Dember voltage is produced when photo-excited
electrons and holes diffuse at different rates. The differing diffusion rates lead to a separation
of the charge, which in turn generates an electric field in the silicon substrate. Because the
electron mobility is higher than the hole mobility in silicon, the sign of the Dember voltage
is always positive and will appear in series with the band-induced photo-voltage, effectively
reducing the total amount of photovoltage measured in the nanotube device. The Dember
voltage is expressed as28
Vd =
kBT
e
b− 1
b+ 1
ln[1 +
(b+ 1)∆n
no + bpo
] (A.1)
where b is the ratio of electron to hole mobility µn/µp ∼ 1.8 and no is the equilibrium number
of electrons in the silicon. Using the over-estimated value of ∆n from Eq. 4, the Dember
voltage in our devices is Vd ≈ 1 mV which is much less than the measured photo-voltage due
to band curvature for the analysis presented here. For larger values of excited carriers, the
Dember voltage can become comparable to the photo-voltage and should not be ignored.
The effect of the Dember voltage is shown in Fig. 4, where the calculated total photovoltage
for the case when there is only band curvature (solid line) is compared to when the Dember
voltage is included (dotted line), assuming a bulk doping density of Na ≈ 1.2 × 1018 cm−3
and initial band bending of φso = −120 mV. As can be seen, the effect of the Dember voltage
is small under low-injection conditions, but becomes sizable when the number of injected
carriers nears the bulk doping density. It is important to note that both the band curvature
and Dember voltages depend on the bulk doping and oxide charge densities and must be
recalculated if higher or lower doping concentrations are used.
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List of Figures:
1. Source-drain (ISD) as a function of back gate voltage. The conduction through the
nanotube increases at large values of both negative and positive gate voltages. Inset:
AFM image of a ∼ 5 µm long single wall carbon nanotube transistor device.
2. Photocurrent measured through the nanotube channel as a function of gate voltage.
The photocurrent switches sign near Vg = 0. Inset: Schematic of the energy bands
with initial band bending at the Si/SiO2 interface.
3. Schematic band diagrams showing band bending φs in the silicon substrate for the
as fabricated device (a) and under laser illumination (b). For typical oxide charge
densities, the initial band bending φso is ∼ 100 − 200 mV. Under illumination, the
positive oxide charge is partially screened by photogenerated electrons that become
trapped at the interface, reducing the surface potential from φso → φsΛ. The resulting
photovoltage δVPV is given by Eq. 3.
4. Calculated magnitude of photovoltage as a function of the number of photo-excited
carriers, assuming a bulk doping density of Na ≈ 1.2 × 1018 cm−3 and an initial
surface potential of φso ∼ 120 mV. The solid line includes only the effect of the
initial band bending. The dotted line includes the effect of the Dember voltage
(see appendix). Inset: Calculated normalized electric field at the Si/SiO2 in-
terface as a function of the surface potential and injection ratio. The dotted line
indicates the value of the field Fo as determined from the initial charge in the silicon Qs
5. Numerically calculated derivative from the data in Fig. 1. The form of the derivative
is extremely similar to the measured photocurrent in Fig. 2 where the p-channel
conduction is increased and the n-channel is suppressed.
6. Measured photocurrent as a function of the incident laser power on a long channel
nanotube device. The non-linearity of the intensity dependence indicates that the
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photocurrent does not arise from a direct process.
7. Ratio of photo-generated electrons in the silicon substrate as a function of position.
The circles are the experimentally measured values, extracted by relating the raw
photocurrent vs. position in the upper inset to the intensity dependence shown in
Fig. 6. The line is a fit to Eq. 5 which includes direct generation of carriers beneath
the nanotube as well as diffusion of carriers when the laser illuminates away from
the nanotube. Upper inset: Photocurrent as a function of position perpendicular to
the long axis of nanotube. Photocurrent is measured up to 1 mm away from the
nanotube. Lower inset: SEM image of the ∼ 500 µm nanotube device, where the
dotted line indicates the position of the nanotube. The arrow shows the position and
direction of the scanned laser
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